Parental experience can modulate the behavior of the progeny through the inheritance of phenotypic 9 traits acquired by the progenitors. While the molecular mechanisms for behavioral inheritance are 10 studied under several environmental conditions, it remains largely unexplored how the nature of the 11 parental experience affects the information transferred to the next generation. To address this question 12
INTRODUCTION 23
In many organisms, the parental experience modulates the behavior and physiology of the progeny in 24 such a way that the progeny phenocopy the acquired phenotype of the parents ( Ng et al. 2010 ). This form of plasticity "anticipates" that the next generation 27 will experience a similar environment to their parents, in which case it may prove to be adaptive. 28 However, very often the progeny is exposed to environmental conditions distinct from their progenitors 29 and under these circumstances the same phenotypic traits that were adaptive to the parents become 30 maladaptive to the progeny (Painter, Roseboom, and Bleker 2005; Wells 2007 ). In addition, the same 31 parental experience can affect the progeny differently depending on their sex, genotype, further 32 ancestral history and life experiences ( elegans, a nematode that feeds on different species of bacteria, such as the Pseudomonas genus that 40 are abundant in the natural habit of the nematode (Samuel et al. 2016 ). However, certain Pseudomonas 41 strains, such as Pseudomonas aeruginosa PA14, infect the worm after being ingested which results in 42 a slow death over the course of days (Tan, Mahajan-Miklos, and Ausubel 1999). Therefore, 43
Pseudomonas aeruginosa PA14 is food and pathogen, both of which are critical for survival. 44
We have previously shown that adult C. elegans robustly learns to reduce their preference for the 45 odorants of PA14 after transiently feeding on the pathogen for 4 hours (Zhang, Lu, and Bargmann  46 2005; Ha et al. 2010a ). This form of learning is contingent on the pathogenesis of the training bacteria 47 and resembles the Garcia effect, a robust form of conditioned aversion that allows animals to learn to 48 avoid the smell or taste of a food that makes them ill (Garcia, Hankins, and Rusiniak 1974; Zhang, Lu, 49 and Bargmann 2005; Ha et al. 2010a) . 50
Because ingesting the pathogenic food PA14 can be lethal to the worm, the intergenerational transfer 51 of information regarding the valence of cues that signal this food source could be adaptive for the next 52 generation. Therefore, we asked whether learning to avoid PA14 in the adult C. elegans regulates the 53 olfactory response in the progeny. Furthermore, we asked whether the parental learning experiences of 54 different duration differ in their effects on the behavioral response of the progeny. 55
To elucidate the molecular pathways underlying behavioral changes in progeny triggered by parental 56 experience, we characterized the small non-coding RNA pathways that were implicated in inter-and 57 trans-generational inheritance in several species (Posner et Given the documented role of these two pathways in epigenetic inheritance in the context of an 80 environmental challenge, we characterized the function of RRF-3 and PRG-2 in the aversive learning 81 of PA14 in the adult animals, and the effects of the learning experience on the olfactory response of 82 the progeny to PA14. First, we found that training adult C. elegans with PA14 for 4 hours reduced the 83 preference for the odorants of the pathogen and increased the preference for PA14 in the progeny. 84
Mutating either rrf-3 or prg-2 abolished the parental training-induced change in the olfactory 85 preference of the progeny, without compromising the learning ability of the mothers. Increasing the 86 training duration from 4 hours to 8 hours, while generating similar learning in the mothers, switches 87 the preference of the progeny from attractive to aversive and the parental experience-induced 88 behavioral change also depends on rrf-3. Together, our results show that parental learning experiences 89 of different duration generate different effects in the behavior of the progeny and endo-siRNA 90 pathways regulate these intergenerational effects. 91
92

MATERIALS AND METHODS 93
Experiment model and subject details 94
C. elegans hermaphrodites were used in this study and cultivated using the standard conditions 95 (Brenner 1974) . The strains used in this study include: N2 (Bristol), ZC2834 rrf-3(pk1426) II, YY13 96 rrf-3(mg373) II, ZC2987 prg-2(n4358) IV, WM162 prg-2(tm1094) IV, CX4998 kyIs140 I; nsy-97 1(k397) II. 98
Bacterial Strains 99
For this study we used the non-pathogenic bacteria Escherichia coli OP50 (Caenorhabditis Genetics 100
Center (CGC)) and the pathogenic bacteria Pseudomonas aeruginosa PA14 (Kim et al. 2002) . 101
Method details 102
The aversive olfactory training of P0s with PA14 and the cultivation of F1s 103
Training of P0s with PA14 and the learning test were preformed mainly as previously described ( group of naive control and trained P0 worms were randomly picked to measure the olfactory choice 119 and learning in the automated assay. The rest of the P0 worms were collected from the plates with S-120 basal medium and passed through a cell strainer 40-micrometer nylon filter (Falcon) to remove laid 121 eggs. The collected P0 worms were then treated with a bleach solution to isolate F1 embryos, which 122
were hatched and cultivated under the standard conditions with OP50 as food until the adult stage. 123
Olfactory preference assay using the automated olfactory assay 124
The automated assay (Droplet assay) that quantified the olfactory preference in individual animals 125 was performed as previously described ( Olfactory preference assay using the two-choice assay 142
The two-choice plate assay is similar to the one described in Zhang et al., 2005 , except for several 143 modifications. To measure the olfactory preference for bacteria, a drop of 5 µL supernatant of OP50 144 culture in NGM medium and a drop of 5 µL PA14 culture in NGM medium were put 2 cm apart on a 145 6 cm NMG plate. In each assay, one worm was placed on the plate equidistant to the two drops of the 146 bacteria culture supernatant right after the drops were put on the plate and allowed to crawl to the 147 preferred stimulus. The movement and the choice of each worm were recorded and later analyzed. The 148
worms that did not make choice after 10 minutes were also counted in the total number. The worms 149 that disappeared during the assay (because they moved to the side of the plate) were not included in 150 the total number. The parental experience-induced choice index in the two-choice assay was defined 151
as the number of worms that chose PA14 minus the number of worms that chose OP50 normalized by 152
the total number of worms tested [parental experience-induced choice index = (number of worms that 153 choose PA14 -number of worms that choose OP50)/total number of worms] and the parental 154 experience-induced learning index for the two-choice assay was defined as the parental experience-155 induced choice index of F1s from naive P0s (F1 WT OP50mothers) minus parental experience-induced 156 choice index of F1s from trained P0s (F1 WT PA14mothers). A positive parental experience-induced 157 learning index indicates increased avoidance of PA14 in F1s induced by the parental experience with 158 PA14. 159
Slow killing assay 160
The slow killing assay was performed essentially as previously described (Tan, Mahajan-Miklos, and 161
Ausubel 1999). 200 µL freshly prepared PA14 culture incubated at 27ºC in the LB medium overnight 162
were spread into a 4 cm diameter lawn on a 6 cm NMG plate and incubated at 37ºC for 24 hours and 163 then left at room temperature for another 24 hours before the assay. 20 F1 young adult hermaphrodites 164
were transferred onto each slow killing plate and kept at 25ºC. The dead and the alive worms were 165 counted at the specific time points as shown in the figure. where labels were exchanged for 5,000 times. We then calculated the average P0 learning index to 172 separate the experiments into two groups -the experiments in which the P0 learning indexes were 173 higher than the average learning index, and the experiments in which the P0 learning indexes were 174 smaller than the average learning index ( Figure 2E ). 175 176
Quantification of the body size and the chemotactic movements 177
The body size and the parameters of the chemotactic movements in the two-choice assays were 178 quantified by analyzing the recorded worms with the Wormlab tracker 179
(https://www.mbfbioscience.com/wormlab).
Quantification and statistical analysis 181
All data analyzes were conducted using Matlab_R2015b. The statistical methods, sample size and 182 number of the replicates are indicated in the legend of each figure. 183
184
RESULTS 185
To examine the pattern through which parental experience modulates offspring behavior, we exposed 186
C. elegans to the pathogenic bacteria Pseudomonas aeruginosa strain PA14 and asked whether 187 maternal aversive learning with PA14 leads to a decreased attraction towards the pathogen in the adult 188 progeny. 189
We cultivated the worms under the standard conditions on the benign bacteria strain Escherichia coli 190 OP50 until the adult stage (Brenner 1974) . We then trained a group of the young adult hermaphrodite 191 mothers (P0s) by feeding them on PA14 for 4 hours and fed the rest of the worms with OP50 in parallel 192
as naive controls ( Figure 1A , Materials and Methods). We quantified the preference between the smell 193 of OP50 and PA14 in naive and trained mothers using the droplet assay, in which individual worms 194 swim in droplets of buffer to which the odorants of the tested bacteria are delivered with air streams 195 (Ha et al. 2010b ). The embryos from the rest of the mothers were harvested with a bleach solution that 196 dissolved P0 bodies and the associated bacteria, thus preventing the progeny from a direct contact with 197 PA14. The F1 embryos were cultivated on E. coli OP50 until they reached adulthood at which stage 198 their preference between the smell of OP50 and the smell of PA14 was tested using a two-choice assay 199 on plate. In this test, an individual worm navigates to choose between a drop of supernatant of an OP50 200 or PA14 culture immediately after the supernatants were placed on the plate ( Figure 1A ). We recorded 201 the behavior of the F1 worms during the two-choice assay in order to quantify specific behavioral 202
features that may underlie changes in olfactory chemotaxis (H. Liu et al. 2018 ). While the droplet assay 203 allowed us to rapidly and systematically measure the olfactory preference of several P0s at the same 204 time before handling the F1 embryos, the two-choice assay allowed us to examine the odorant-guided 205 movements of the progeny in details (Materials and Methods). In both types of assays, a positive choice 206 index indicates a preference for PA14, and a positive learning index indicates that training with PA14 207
in P0s reduces the preference for PA14 in comparison with naive controls ( Figure 1A ). 208
Transient parental exposure to PA14 increases the preference for the pathogen in the progeny 209 trained for 4 hours with PA14 (P0 WT PA14) showed a reduced preference for the odorants of the 211 pathogen in comparison to naïve mothers (P0 WT OP50). This difference is indicated by a positive P0 212
Learning index ( Figure 1B and 1C, left side of the graphs). We also analyzed the preference of P0s 213 using the two-choice assay on plate and found that both types of assays demonstrated similar training 214 effects (Supplementary Figure 1A) . Next, we examined whether the learning experience of the P0s 215 modulated the olfactory behavior of their progeny. We measured the difference between the choice 216 index of the progeny of the naive (F1 WT OP50mothers) and the trained (F1 WT PA14mothers) mothers, 217
and defined it as the Parental experience_induced learning index (F1) ( Figure 1A ). In contrast with 218
P0s, we found that the progeny of trained mothers showed an increased preference for PA14 in 219
comparison with the progeny of the naive mothers ( Figure 1D , left side of the graph). This generated 220 a Parental experience_induced learning index (F1) with a negative average value ( Figure 1E , left side 221 of the graph), which resulted from an average preference for PA14 in the progeny of the trained mothers 222
and an average preference for OP50 in the progeny of the naive mothers ( Figure 1D ). This surprising 223 result suggests that the food choices of the progeny are modulated by parental experience and that a 224 short exposure to the pathogen PA14 reduces the preference for the odorants of PA14 in mothers, but 225 increases this preference in the progeny. 226
The endo-siRNA and piRNA pathways regulate the modulation of behavioral responses in the 227 progeny 228
Next, we sought the signaling mechanisms whereby parental experience mediates the changes in the 229 behavioral preference of the progeny. We asked if disrupting the biogenesis of the 26G endo-siRNAs 230 affected the modulation of the olfactory choice in F1s. To this end we tested animals with a loss of 231 function mutation in rrf-3(pk1426) (Simmer et al. 2002) and found that the mutant mothers displayed 232 the normal learning after 4-hour training with PA14 ( Figure 1B and 1C , right side of the graphs). 233
However, this learning experience did not alter the olfactory preference of their progeny, demonstrated 234 by the similar choice indexes in rrf-3(pk1426) F1s from the naive and the trained mothers ( Figure 1D,  235 right side of the graph) and a Parental experience_induced learning index (F1) significantly different 236 from that of wild type ( Figure 1E , right side of the graph). To further confirm the role of rrf-3, we 237 tested another independently generated mutant allele, mg373, that harbors a missense mutation for a 238 conserved catalytic residue (Pavelec et al. 2009 ). We found that rrf-3(mg373) mutant animals showed 239 a similar phenotype as the rrf-3(pk1426) deletion mutants in both P0s and the F1 progeny ( Figure 1J  240 and 1K; Supplementary Figure 2A , 2B, 2D and 2E). Together, these results indicate that the rrf-3-241 mediated endo-siRNA pathway regulates the modulation of offspring olfactory preference by parental 242 experience. 243
We next examined the involvement of the piRNA pathway that mainly regulates gene silencing and 244 germline maintenance (Weick and Miska 2014). The piRNA population has been shown to be altered 245 by exposure to environmental stressors, such as Pseudomonas aeruginosa bacteria (Belicard, 246 Jareosettasin to PRG-1 and the prg-2 transcripts are found primarily in the germline cells (Hashimshony et al. 2015) . 258 We found that prg-2 P0s exhibited a significantly decreased preference for PA14 after training and 259 generated learning indexes comparable to wild type ( Figure 1F and 1G) . However, the learning 260 experience of the prg-2 mothers did not modulate the preference of their progeny in the same way as 261 in wild type. The F1s of the naive and the trained prg-2(n4358) mothers displayed similar choice 262 indexes for PA14, which generated the parental experience-induced learning indexes significantly 263 different from wild type and with an average value close to 0 ( Figure 1H and 1I ). Furthermore, an 264 independently generated deletion mutation, tm1094, in prg-2 similarly disrupted the Parental 265 experience_induced learning index (F1) ( Figure 1J , 1K, Supplementary Figure 2C and 2F). Taken 266 together, these findings suggest the function of the piRNA pathway in transducing parental learning 267 experience to the progeny and modulating offspring behavior. 268
Extending the duration of parental exposure to PA14 switches attraction to aversion in the 269
progeny 270
We were intrigued by the increased preference for the pathogenic bacteria PA14 in the progeny of the 271 trained mothers. We asked whether stabilizing the parental environment by extending parental training 272 with PA14 would generate a different offspring response. We found that training mothers with PA14 273 for 8 hours also induced an aversive learning of PA14 (Figure 2A and 2B) . However, the preference 274 for PA14 in the progeny of the trained mothers was similar to that in the progeny of the naive mothers, 275 which produced Parental experience_induced learning index (F1) with a mean value close to zero 276
( Figure 2C and 2D). One feature in the choice indexes and the learning indexes of these progeny is 277
their widespread values. This observation prompted us to examine the correlation between the learning 278 of the mothers and the behavior of their progeny. We plotted the Parental experience-induced learning 279 indexes in F1s (y-axis) as a function of the learning indexes of their mothers in each independent 280 experiment and found a significant correlation. The more the mothers learned to avoid PA14, the more 281 their offspring avoided the pathogen (Figure 2E ). We calculated the average learning index of the P0s 282 and divided all the experiments in 2 groups -"P0 low learning index" and "P0 high learning index" 283 ( Figure 2E , Material and Methods). This analysis showed that the F1s in the experiments where 284 mothers learned to avoid PA14 at a lower level, i.e. "P0 low learning index", have a negative average 285 value for Parental experience_induced learning index (F1) ( Figure 2E ). This indicates that in these 286 experiments there is a tendency for the progeny from trained mothers to prefer PA14 more than the 287 progeny from naive mothers, similarly to the progeny from the 4-hour trained mothers. In contrast, the 288
F1s in the experiments where mothers learned to strongly avoid PA14, i.e. "P0 high learning index", 289
have a positive average value for Parental experience_induced learning index (F1) ( Figure 2E ). This 290 value indicates that in these experiments the progeny from trained mother avoids PA14 more than the 291 progeny of naive mothers. Consistently, the F1s of the trained mothers in the "P0 high learning index" 292 group avoided the pathogen significantly more than the F1s of the trained mothers in the "P0 low 293 learning index" group (Supplementary Figure 3A) . Together, these results show that the wide-spread 294 behavioral response to PA14 in the progeny of the 8-hour trained mothers is modulated by differences 295 in their mothers' learning. 296
We then asked how the progeny from the "P0 low learning index" group and the progeny from the "P0 297 high learning index" group differed in their chemotactic movements in the two-choice assay. We video 298 tracked the worms and quantified several behavioral parameters in order to address if any specific 299 parameters were modulated by parental experience and may underlie the different food odorant choices 300
( Figure 2F and Material and Methods). We found no difference between the F1s in the "P0 low learning 301
index" group and the F1s in the "P0 high learning index" group in the locomotory speed, the reversal 302 rate and the frequency of omega bends (i.e. the big body bends that resemble the letter Omega) ( Figure  303 2G -2I). These results suggest that parental learning experience with PA14 regulates the choice of the 304 offspring without affecting these specific locomotory parameters and likely modulates offspring 305 behavior by regulating a higher level of sensorimotor functions. 306
Meanwhile, we also noticed that F1s of the trained mothers were larger in body size than the F1s of 307 the naive mothers ( Figure 2J ). This intergenerational effect is consistent with previous findings 308
showing that animals infected with PA14 retain their eggs more than worms raised on OP50 (Tan,  309 Mahajan-Miklos, and Ausubel 1999) and thus their progeny are kept inside the mother until a more 310 advanced stage. Therefore, we examined if the difference in body size (that could be due to their 311 difference in the developmental stage) could be related with the difference in the food choice. We 312 found no difference when comparing the body size between the F1s from the trained mothers in the 313 "P0 low learning index" group and the F1s from the trained mothers in the "P0 high learning index" 314 group ( Figure 2K) , as well as no correlation between the Parental experience_induced learning indexes 315 of the F1s and the increase in body size in the progeny of the trained mothers compared with the 316 progeny of the naive mothers ( Figure 2L ). In addition, we found that 8-hour exposure to PA14, while 317
inducing robust avoidance of PA14 in P0 mothers did not alter the innate resistance to PA14 in the F1s 318
(Supplementary Figure 3B) . Together, these results show that the body size and the innate immune 319 resistance do not play a significant role in regulating the parental experience-induced difference in 320 offspring olfactory preference. 321
Next, we asked whether the learning effect in the P0 mothers trained with 8-hour exposure to PA14 322 regulates F2s. We isolated F2 embryos from F1s and cultivated F2s under the standard conditions on 323 E. coli OP50. Similarly, we quantified the Parental experience_induced learning index in the F2s of 324 each experiment and found no correlation with the same index of their F1 mothers (Supplementary 325 Figure 4 ). These results indicate that the parental experience with PA14 only regulates the olfactory 326 response of their first-generation progeny, potentially leaving the flexibility for F2s to respond to 327 further changes in the environment. 328 Furthermore, we found that mutating rrf-3 in pk1426 also disrupted the Parental experience_induced 329 behavioral change in the 8-hour training experiments. Despite the wild-type learning ability in the rrf-330
3 P0 mothers ( Figure 3A and 3B) , the parental experience induced learning of the rrf-3 F1s is no longer 331 correlated with the learning of their mothers ( Figure 3C ). Together, these results show that the rrf-3-332 mediated endo-siRNA pathways also regulate intergenerational effects generated by training the P0 333 mothers for 8 hours. In addition, we found that during the two-choice assay, while the rrf-3 F1s had a 334 locomotory speed and a rate of reversals comparable to those in wild-type F1s, their rate of omega 335 bends was lower than that in wild type ( Figure 3D -3F) . These results identify the regulation of omega 336 bends as the potential downstream effector of the rrf-3-mediated pathway in regulating 337 intergenerational effects. 338
339
DISCUSSION 340
Previous studies on the effect of parental experience on the physiology and behavior of the offspring 341
show that inter and transgenerational regulation is more complex than a unidirectional transfer of Bohacek and Mansuy 2015; Kundakovic et al. 2013 ). Here, we find that a brief experience (4 hours) 344
with the pathogenic strain of Pseudomonas aeruginosa, PA14, while reducing the preference for the 345 odorants of the pathogen in the trained mothers, increases the preference in the progeny. Furthermore, 346
extending the maternal exposure time to 8 hours switches the response of the progeny from attraction 347 to avoidance. This effect is intergenerational and limited to only the progeny of the first generation. 348 Recently it has been shown that an even longer exposure to the pathogenic bacteria (24 hours) not only 349 induces avoidance in mothers but also in offspring for several generations (Moore et al. 2019). 350
Together, these results propose that the same behavioral trait, pathogen avoidance acquired by the 351 parents, can result from experiences of different levels of intensity that lead to diverse responses in 352 progeny. It also suggests that the valence of the parental experience that is transmitted to the offspring 353 is mostly mediated by the physiological, but not behavioral, response of the parents to the 354 environmental conditions. 355 feed on a lawn of PA14 and gradually leave the lawn over time, most worms are still inside the lawn 360 after consuming the pathogen for 4 hours and start to significantly leave the lawn after 8 hours (Singh 361 and Aballay 2019). In such conditions, it is conceivable that after 4-hour exposure the food signal 362
represented by PA14 is still significant in comparison with the signal of virulence and positively 363 modulates the preference of the progeny towards the food source consumed by their mothers. 364
Consistently, there are several reports showing that consumption of certain foods during gestation 365 increases the preference of the progeny for the same foods after birth ( A.P., X.G., K.K. and Y.Z. designed the experiments, interpreted the results and wrote the manuscript. 425
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